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*S Supporting Information
ABSTRACT: A new lithium chalcogenidotetrelate, denoted as LiChT phase, with the
elemental combination Li/Sn/S was synthesized as solvent-free and solvent-containing
salts. We present and discuss syntheses, crystal structures, spectroscopic and thermal
properties of the phases, as well as the Li+ ion conductivity of Li4SnS4, which is
formally related to the thio-LISICON parent system Li4GeS4, and thus represents the
ﬁrst member of a new thiostannate-LISICON family. The solvent-free title compound
shows a very promising Li+ ion conductivity of 7 × 10−5 S·cm−1 at 20 °C and 3 × 10−3
S·cm−1 at 100 °C, which is exceptionally high for a ternary compound. Activation
energies for the lithium ion transport measured via impedance spectroscopy (0.41 eV)
correlate reasonably well with the values (0.29 to 0.33 eV) deduced from ionic
mobility studies by 7Li solid-state NMR spectroscopy. NMR two-time correlation
functions suggest the occurrence of an additional, geometrically more restricted, ultra-
slow-motional process down to 121 K.
KEYWORDS: inorganic Li+ conductors, chalcogenidotetrelates, crystal structures, ion conductivity
■ INTRODUCTION
The electrolyte in state-of-the-art lithium-ion batteries consists
usually of LiPF6 dissolved in volatile alkylcarbonates. Additives
control the formation of the solid electrolyte interface (SEI) at
the anode, which ensures a high cycling stability of the battery.
Concerning safety aspects it would be preferable to use less
volatile and ﬂammable electrolytes. One possibility is the usage
of solid-state lithium ion conductors (SSLICs) with high
thermal and electrochemical stability.1−6
Diﬀerent types of SSLICs have been investigated, one type
being the LISICON system Li4−2xZnxGeO4, whose framework
is related to the γ-Li3PO4 structure.
7,8 Major improvements
regarding the conductivity have been realized by Kanno et al.
by substitution of larger and more polarizable sulﬁde ions for
the oxide ions, thus establishing the thio-LISICON family.9−12
Its parent compound Li4GeS4
13 is also related to the γ-Li3PO4
structure and shows a moderate conductivity of 2.0 × 10−7
S·cm−1 at 25 °C,9 as opposed to Li4GeO4, which diﬀers
structurally and exhibits only a poor conductivity, even at
elevated temperatures.14−16 The system Li4−2xZnxGeS4 shows
no signiﬁcant improvement in conductivity,9 whereas the
introduction of lithium vacancies by aliovalent doping with
P5+ leads to the compound Li4−xGe1−xPxS4 with one of the
highest found conductivities in SSLICs so far (σ = 2.2 × 10−3
S·cm−1) at room temperature.10 The highest reported ionic
conductivity in SSLICs, σ = 12 × 10−3 S·cm−1 at room
temperature, was accomplished in the structurally related
compound Li10GeP2S12.
17
Other promising materials are the ICF (inorganic chalcoge-
nide framework) phases reported by Feng and co-workers.
These represent zeolite-related network compounds compris-
ing thioindate networks of the general formula [InxSy]
q− or
[MxInySz]
q− (M = Mn, Cu, Cd, and/or Zn) that were
synthesized under hydrothermal conditions and show high
ionic conductivity (up to 1.8 × 10−2 S·cm−1) at room
temperature and moderate to high humidity. However, a
practical application of these materials for lithium batteries has
been so far inhibited by a relative humidity of 30% or higher
being needed to achieve the highest ionic conductivity.18,19
While the lighter homologous ternary systems Li4SiS4 and
Li4−xSi1−xPxS4 have been synthesized and show similar
conductivities to the corresponding germanates,13,20 the
inﬂuence of replacing germanium with the heavier homologue
tin has not been investigated so far. On the thiostannate side,
the only known compounds are the salt of the dinuclear anion,
Li4Sn2S6·8en,
21 and the salt of a super-tetrahedral cluster,
[Li8(H2O)29][Sn10O4S20]·2H2O.
22 In contrast to a variety of
heavier homologues,23 the ortho-thiostannate salt of the lightest
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alkali metal ion, Li4SnS4, has not been published to date
neither in solvent-free form nor as any solvate.
Motivated by the promising developments in inorganic Li+
ion conductors, we intended to ﬁll this gap by generating the so
far missing, smallest unit and to determine its Li+ ion
conductivity. According to the synthesis procedure to obtain
pure compounds, we report the synthesis and properties of the
solvent-free species Li4SnS4 (1), its hydrate Li4SnS4·13H2O (2)
along with the again-dehydrated derivative 1′, and the methanol
solvate Li4SnS4·13MeOH (3). The very promising Li
+ ion
conductivity of 7 × 10−5 S·cm−1 at 20 °C and 3 × 10−3 S·cm−1
at 100 °C, which is exceptionally high for a ternary compound,
was measured for 1 by means of impedance spectroscopy; the
activation energy was conﬁrmed by ionic mobility studies
employing 7Li solid-state NMR spectroscopy.
■ EXPERIMENTAL SECTION
Syntheses. General. All reaction steps were performed with strong
exclusion of air and external moisture (Ar atmosphere at a high-
vacuum, double-manifold Schlenk line or Ar atmosphere in a
glovebox). Methanol was dried and freshly distilled prior to use;
water was degassed by applying dynamic vacuum (10−6 Pa) for several
hours.
Synthesis of Li4SnS4 (1). A stoichiometric mixture of 0.669 g (14.56
mmol) of Li2S, 0.864 g (7.28 mmol) of Sn, and 0.467 g (14.56 mmol)
of S was slowly heated to 400 °C in a silica-ampule using a heat gun,
followed by melting and heating for another 30 min using a gas burner.
To gain single-crystalline products, the reaction was performed in a
furnace with a deﬁnite temperature program: heating to 650 °C with a
heating rate of 18 °C/h, keeping for 24 h at 650 °C, and cooling to
room temperature with a rate of 4 °C/h. Compound 1 was obtained in
approximately 70% yield, as a mixture of amorphous and polycrystal-
line powder in addition to a small amount of clean single crystals. The
compound could be obtained as phase pure, polycrystalline powder
(1′) upon complete dehydration of the hydrate 2 at 320 °C under
reduced pressure of ∼10−6 Pa for 4 h.
Synthesis of Li4SnS4·13H2O (2). The crude product mixture from
the synthesis of compound 1 was pulverized. This powder (2 g) was
solved in 20 mL of H2O and stirred for 4 h. Starting materials and
insoluble residues were removed by ﬁltration, resulting in a clear,
colorless solution. Crystals of Li4[SnS4]·13H2O (2) were obtained in
71.6% yield (2.653 g) upon very slow evaporation of the solvent by
applying dynamic vacuum.
Synthesis of Li4SnS4·13MeOH (3). The crude product mixture from
the synthesis of compound 1 was pulverized into a ﬁne powder. This
powder (2 g) was solved in 30 mL of MeOH and stirred for 4 h.
Starting materials and insoluble residues were removed by ﬁltration,
resulting in a clear, colorless solution. Crystals of Li4SnS4·13MeOH
(3) were obtained in 73.4% yield (3.694 g) upon very slow
evaporation of the solvent by applying dynamic vacuum.
Solution NMR Spectroscopy. Solution NMR spectra were
measured from solutions of the compounds in H2O/D2O using a
Bruker DRX 400 MHz or Bruker DRX 500 MHz. The given shifts in
ppm correspond to SnMe4 (
119Sn).
Thermal Analyses. Thermogravimetric analysis (TGA) and
diﬀerential scanning calorimetry (DSC) measurements were per-
formed between room temperature and 700 °C on an STA 409 CD
from Netzsch.
Solid-State NMR Studies. High-resolution solid-state 6Li, 7Li, and
119Sn MAS NMR spectra were recorded on a Bruker DSX-400 MHz
spectrometer equipped with a 4 mm magic-angle spinning (MAS)
NMR probe. 7Li-MAS NMR spectra were acquired at a resonance
frequency of 155.454 MHz, in the single-pulse mode, using 45° pulses
of 1.2 to 1.7 μs length and a rotor frequency of 5 kHz. Relaxation
delays ranged between 1 and 100 s, dependent on temperature. 6Li-
MAS NMR spectra were recorded at 58.862 MHz and a rotation
frequency of 5 kHz. The 90° pulse lengths ranged from 6.9 to 8.0 μs,
and relaxation delays between 5 and 150 s were used. A 119Sn-MAS
NMR spectrum was obtained at 149.089 MHz at a rotor frequency of
10 kHz, using 90° pulses of 3.0 μs length and a relaxation delay of 5 s.
Table 1. Single-Crystal Data and Reﬁnement Details of 1, 2, and 3,24 Measured at 100 K (IPDS-II) or 193 K (IPDS-I)
1 2 3
empirical formula Li4SnS4 H26O13Li4SnS4 C13H52O13Li4SnS4
formula weight, g·mol−1 274.69 508.90 691.24
crystal shape needle fragment trigonal-pyramid block
crystal color colorless colorless colorless
crystal size, mm3 0.15 × 0.15 × 0.15 0.19 × 0.19 × 0.18 0.25 × 0.20 × 0.20
diﬀractometer type Stoe IPDS-II Stoe IPDS-I Stoe IPDS-II
radiation (λ, Å) Mo Kα (0.71073) Mo Kα (0.71073) Mo Kα (0.71073)
crystal system orthorhombic cubic monoclinic
space group Pnma (no. 62) P213 (no. 198) P21/c (no. 14)
a, Å 13.812(3) 12.7429(4) 10.849(2)
b, Å 7.9624(16) 23.029(5)
c, Å 6.3670(13) 14.610(3)
V, Å3 700.23(25) 2069.21(11) 3610.5(13)
Z 4 4 4
ρcalc, g·cm
−3 2.60 1.63 1.27
μ(Mo Kα), mm−1 4.71 1.68 0.98
2Θ range, deg 5.9−58.3 4.5−51.9 4.7−52.0
no. of meas. reﬂns 3535 14495 49422
no. of independent reﬂns 1001 1353 7081
R(int) 0.0596 0.1485 0.1316
no. of indep. reﬂns (I > 2σ(I)) 765 1312 4808
no. of param. 51 100 448
R1 (I > 2σ(I)) 0.0362 0.0297 0.0294
wR2 (all data) 0.0849 0.0751 0.0597
S (all data) 0.948 1.070 0.802
Flack param.28 0.07(5)
largest diﬀ. peak/hole, e−×10−6 pm−3 1.314/−1.781 0.507/−0.857 0.739/−0.488
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Chemical shifts are referenced relative to 1.0 M aqueous LiCl solution
and tetramethyltin, respectively. Temperature-dependent static 7Li
NMR spectra were recorded at 77.727 MHz on a Bruker CXP-200
spectrometer, using a 45°-τ-90°-τ-acquire quadrupolar echo sequence.
Spin−lattice relaxation times were measured both at 77.727 and
155.454 MHz, using a saturation-recovery sequence. Typical 90° pulse
lengths were 2.4 to 3.0 μs, and relaxation delays ranged from 1 to 100
s, depending on temperature. Static 7Li two-time sine−sine correlation
functions I2
ss were measured via the stimulated echo decay (90°-t1-45°-
tm-45°-acquire) method, using a ﬁxed evolution time t1 of 15 μs, where
the mixing time preceding the generation of the stimulated echo was
systematically varied. The 90° pulse lengths were 2.7 to 3.0 μs in these
experiments, and the relaxation delay was 40 s.
Impedance Spectroscopy. The Li+ ion conductivity was
measured on polycrystalline phase 1′, generated by the dehydration
of 2 (see the Experimental Section). The samples were pressed into
pellets with a diameter of 3 mm by applying a pressure of
approximately 1 GPa. Platinum was coated on both faces of the
pellet using a BAL-TEC SCD005 sputter coater. For AC impedance
measurements, the pellets were mounted into an airtight two-electrode
sample cell. AC impedance data were collected using a Novocontrol
Alpha-AK impedance analyzer over a frequency range of 1 MHz to
0.01 Hz, with an applied root-mean-square AC voltage of 100 mV. The
measurements were carried out at temperatures between −100 and
100 °C, the sample temperature being controlled by the Novocontrol
Quatro Cryosystem. The maximum temperature variation tolerated
during the impedance measurements was ±0.1 K.
Crystal Structure Analyses. Crystal data were collected on
diﬀractometers using Stoe imaging plate detector systems IPDS-I (2)
or IPDS-II (1, 3), using Mo Kα radiation with graphite
monochromization (λ = 0.71073 Å) at T = 100 K. Structure solution
and reﬁnement was performed using Shelxtl software.24 Table 1
summarizes crystallographic, structure solution, and reﬁnement details.
Selected interatomic distances and angles are provided in Table 2.
powder diﬀraction data were collected on a Philips X’Pert powder
diﬀractometer MPD Pro, using Co Kα radiation with graphite
monochromization (λ = 1.7903 Å). Rietveld proﬁle ﬁts25 of the
experimental data to the structure data from the single-crystal X-ray
diﬀraction was realized using X’Pert Plus26 and X’Pert HighScore
Plus27 programs.
■ RESULTS AND DISCUSSION
Syntheses. As shown in Scheme 1, Li4SnS4 (1) was
prepared by high-temperature reactions of lithium sulﬁde, tin,
and sulfur. Since the compound could not be obtained as a pure
phase, with unreacted starting material and polysulﬁde
byproduct being systematically present in non-negligible
amounts, a two-step procedure was undertaken for its
puriﬁcation. This included the generation of the hydrate
Li4SnS4·13H2O (2), which was obtained by extraction of 1 with
water, followed by ﬁltration and ensuing slow evaporation of
the solvent, and the consecutive dehydration of the latter by
heating to 320 °C under reduced pressure of ∼10−6 Pa for 4 h
to obtain the polycrystalline phase 1′. The identities of 1′ and 1
were proven by powder X-ray diﬀraction; comparison of the
diﬀraction patterns with the calculated diagram from the single-
crystal structure data of 1 resulted in R(Bragg) = 0.0278.
Alternatively, the puriﬁcation can be carried out via extraction
by methanol, accordingly yielding the methanol solvate
Li4SnS4·13MeOH (3).
Crystal Structures. Compound 1 crystallizes in the
orthorhombic space group Pnma (no. 62) with four formula
units per unit cell. Diﬀerent views of the crystal structure are
illustrated in Figure 1. The structure contains isolated,
tetrahedral [SnS4]
4− anions (Figure 1a), with interatomic
distances and angles (Table 2) that are very similar to those
observed in other salts of the [SnS4]
4− anion23 or other anions
composed of Sn and S atoms.21,22 Each of the S atoms binds to
the Sn atom and further coordinates to three adjacent Li+ ions
(S···Li1, S···Li2 2.28−2.53 Å) in a distorted tetrahedral manner.
Three additional Li+ ions per S atom are nearby (S···Li3, S···Li4
2.33−3.02 Å). The Li+ ions, in turn, are coordinated either
tetrahedrally by four S atoms (Li1, Li2, representing three of
four Li atoms per formula unit), or by six sulfur atoms in a
distorted octahedral manner (Li3, Li4, that represent the 50:50
disorder sites of the remaining Li atom per formula unit). The
atomic location of Li3 and Li4 show further statistical disorder
over two positions close to ideal octahedral sites, with
corresponding site occupation factors (sof) of 0.25; Li3 is
located 0.35 Å away from the mirror plane parallel to ac (b =
1/4,
3/4), and the position of Li4 deviates by 0.51 Å from the
inversion center at [1/2
1/2 0].
The [SnS4]
4− anions and three of the four Li+ ions per
formula unit (Li1, Li2) form a coordination network according
to the γ-Li3PO4 structure,
29 which is based exclusively on the
tetrahedral coordination geometry of the involved atoms.
Although being structurally related to the diamond-type
topology, the network possesses a complex trinodal net
according to the point symbol {4.65}2{42.64}{65.8}, that is, a
4,4,4-c net with the stoichiometry (4-c)(4-c)(4-c)2 (Figure
1b).30 As an obvious deviation from the diamond type, the
network not only possesses corrugated SnLi2S3 six-rings (both
in chair and boat conformation, such as observed in the
hexagonal diamond), but also exhibits Li3S3 six-rings with only
one out-of-plane S atom, as well as planar Li2S2 four-rings. The
occupation of the one-quarter of the available octahedral sites
by the fourth Li+ ion per formula unit on the (half occupied)
Li3 and Li4 positions (Figure 1b, c) represents another
diﬀerence from the diamond topology, where all octahedral
sites are empty. As a consequence, half of the available
Table 2. Selected Interatomic Distances (Å) and angles (deg) within the Crystallographically Determined Structures of
Compounds 1, 2, and 3
1 2 3
Sn−S 2.372(2)−2.389(2) 2.380(1)−2.411(2) 2.374(1)−2.406(1)
Li···O 1.914(8)−1.962(7) 1.890(6)−2.060(5)
Li···S 2.282(13)−3.02(4) 2.403(5)−2.432(5)
O(H)···S 3.162−3.682 3.050−3.764
S−Sn−S 108.43(8)−111.77(8) 108.38(2), 110.54(2) 106.10(3)−113.20(3)
Scheme 1. Syntheses of the Compounds 1, 2, and 3, and the
Polycrystalline Phase 1′
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tetrahedral sites of this diamond-related network and three-
quarters of the octahedral sites remain unoccupied in 1. Both
the disorder of Li+ ions and the presence of unoccupied
octahedral and tetrahedral sites may be taken as a ﬁrst hint
toward ion mobility and conductivity of the compound. Table 3
summarizes the local coordination environment of the Li+ sites
in compound 1, indicating the proximity of the Li+ ions that
may easily change places.
The structure of compound 1 is isostructural to that of the
thio-LISICON parent compound Li4GeS4 (space group Pnma,
a = 14.107(6) Å, b = 7.770(3) Å, c = 6.162(2) Å [9] or a =
14.0658(2) Å, b = 57.75102(15) Å, c = 56.14973(10) Å13).
However, only one of the octahedral positions that are
(partially) occupied in 1 seems to be occupied in the Li4GeS4
analogue.
Compound 2 (Figure 2) crystallizes in the cubic space group
P213 (no. 198) with four formula units per unit cell. As for
compound 1, the structure contains isolated [SnS4]
4−
tetrahedra (Figure 2a). The S atoms are coordinated by four,
ﬁve, or six O atoms from solvent water molecules via hydrogen
bonds. All Li+ ions are tetrahedrally coordinated by water O
atoms, thereby forming cyclohexane-like aggregates
[Li3(H2O)9]
3+ (Li1) These aggregates connect to another
[Li(H2O)4]
+ unit (Li2) via O−H···O hydrogen bonds, which
results in an adamantane-type aggregate [Li4(H2O)13]
4+ (Figure
2b). The entire crystal structure may be viewed in a simpliﬁed
way as an NaCl (halite)-type arrangement of tetrahedral
[SnS4]
4− anions and [Li4(H2O)13]
4+ cationic complexes, that
are interconnected via hydrogen bonds (Figure 2c); as a result,
the oxygen atoms show coordination numbers three or four.
Compound 3 (Figure 3) crystallizes in the monoclinic space
group P21/c (no. 14) with four formula units per unit cell. The
S atoms of the [SnS4]
4− tetrahedra (Figure 3a) are hydrogen-
bonded to four O atoms (S3 and S4), or they are connected to
two O atoms via hydrogen bonds and further coordinate one
Li+ ion (S1 and S2). Two of the four Li+ ions (Li3, Li4) are
tetrahedrally coordinated by O atoms from methanol ligands.
In contrast to compound 2, the two remaining Li+ ions (Li1,
Li2) are not only coordinated by (three) solvent donor atoms
but also from one S atom of the [SnS4]
4− anions. Thus, instead
of the generation of large Li+/solvent aggregates, such as
observed in the hydrate 2, the Li+ ions in 3 are involved in
separate counterion complex units. Li1 and Li2 form
monomeric [Li(MeOH)4]
+ complexes, Li3 is involved in a
[Li(MeOH)3]
+ aggregate that is directly coordinated by an S
atom, and Li4 forms a four-membered [Li2(MeOH)2]
2+ ring
around the inversion center, with additional coordination by
one terminal methanol molecule and one S atom from an
[SnS4]
4− unit. Each [SnS4]
4− anion is surrounded by seven Li+
cations including their solvate shells. As shown in Figure 3b, the
named units are further interconnected via hydrogen bonds.
Sample Dehydration and Thermal Properties. For the
determination and comparison of the Li+ conductivity, it was
necessary to prepare pure samples of the solvent-free phase 1.
However, since the latter exhibits contamination by starting
material or byproduct, it was necessary to purify the compound
via extraction and complete removal of the solvent as described
in the example of the hydrate 2. The success of the water
removal, as well as the thermal stability, was explored by TGA/
DSC-MS experiments (Figure 4). In a ﬁrst experiment, a
Figure 1. Fragments of the crystal structure of 1, (a) highlighting the [SnS4]
4− anionic units and including all disorder positions of Li3 and Li4, (b)
indicating the disorder positions (sof 0.25 each) of Li3 (sof 0.5) and Li4 (sof 0.5) close to octahedral sites within the Li3SnS4 network that is
represented by colored wires. (c) View down the crystallographic c axis to emphasize the relationship of Li3SnS4 to the diamond topology; (d) view
approximately along [1−30] to emphasize the diﬀerence of “Li3SnS4” from the diamond topology. In (c) and (d), blue spheres indicate the
barycenters of the disorder positions of Li3 and Li4, respectively. Note that blue lines in the network indicate the shortest Li···S connections and do
not represent covalent bonds.
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sample of 2 was dried at 150 °C and a reduced pressure of
∼10−6 Pa for 3 h. The TGA measurement (Figure 4a) showed
two steps of weight loss at ∼150 °C and ∼300 °C, that sum up
to ∼4% of the original mass, which correspond to endothermic
processes. The mass spectrometric analysis identiﬁed the
released substance as water, and its amount can be estimated
as ∼0.5 formula units per formula unit of Li4SnS4. This
measurement indicated two points of interest. First, the
majority of the crystal water, that is, 12.5 of the 13 water
molecules per formula unit in 1, can be withdrawn by a
relatively mild thermal treatment, but for a complete removal,
higher temperatures (slightly above 300 °C) are required.
Second, the compound is thermally stable up to ∼800 °C.
Based on this information, another sample of 2 was dried at 320
°C and a reduced pressure of ∼10−6 Pa for 4 h. A subsequent
TGA experiment (Figure 4b) conﬁrmed complete removal of
the solvent water, which resulted in the formation of the
polycrystalline phase 1′, as mentioned. The DSC curve of both
experiments (however, more distinctly for the polycrystalline
sample 1′) indicate the occurrence of a smoothly exothermic
process without material release; the powder X-ray diﬀraction
(PXRD) diagrams of 1′ at room temperature and at 620 °C
indeed show diﬀerences that might be attributed to slight
changes in the crystal structure at higher temperatures (see
Figures S5−S7 in the Supporting Information).
Lithium Environments and Ionic Mobility Studied by
Solid-State NMR Spectroscopy. To get an insight into the
Li+ ionic mobility of the solvent-free compound 1 in the solid
state, we have examined the dried phase 1′ by temperature-
dependent solid-state NMR spectroscopy, both under static
and magic angle spinning (MAS) NMR conditions. Figure 5
shows the 7Li and 6Li solid-state MAS NMR data.
At 167 K, the 7Li MAS NMR spectra (Figure 5a) comprise a
sharp signal at 1 ppm reﬂecting the central |1/2⟩ ↔ |−1/2⟩
Zeeman transition as well as a spinning sideband manifolds
appearing at integer multiples of the spinning frequency. This
sideband pattern arises from the noncentral |1/2⟩ ↔ |
3/2⟩ and |
−1/2⟩ ↔ |−3/2⟩ Zeeman transitions, (“satellite transitions”) for
this spin −3/2 nuclear species. In the presence of electric ﬁeld
gradients (no cubic point symmetry) and in the absence of
isotropic motion, the line shapes of these satellite transitions
are inhomogeneously broadened by the anisotropy of the
nuclear electric quadrupolar interactions, and this inhomoge-
neous broadening is transformed into a spinning sideband
pattern under MAS conditions. The intensity of these sideband
patterns relative to the centerband decreases with increasing
temperature reﬂecting the partial averaging of the nuclear
electric quadrupolar coupling by lithium ionic motion. At room
temperature, only the sharp line near 1 ppm is observed,
indicating that the lithium ions have isotropic mobility on the
time scale of 10−4 seconds. Further detail is visible in the 6Li
MAS NMR data shown in Figure 5b. As the 6Li nucleus has a
spin of 1, no quadrupolar sideband pattern is expected in these
spectra, even for nuclei in noncubic environments. Owing to
the very small quadrupole moment of the 6Li nuclide, the
anisotropic quadrupolar coupling is completely averaged out by
Table 3. Local Coordination around the Crystallographically
Independent Lithium Sites of 1 as Indicated in the Figure
Figure 2. (a) Fragment of the crystal structure of 2, highlighting one [SnS4]
4− anionic unit and one counterion aggregate [Li4(H2O)13]
4+. Note that,
except the (complete) [SnS4]
4− molecules, only the atoms that belong to the unit cell are drawn for clarity. Structural details: the counterion
aggregate [Li4(H2O)13]
4+ (b) and its coordination environment (c).
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MAS. Furthermore, the signiﬁcantly lower magnetic moment of
6Li, combined with its low natural abundance, greatly reduces
homonuclear dipolar broadening eﬀects in the spectra, resulting
in signiﬁcantly enhanced spectroscopic resolution in compar-
ison with 7Li MAS NMR spectra.31 As shown in Figure 5b, two
distinct types of lithium sites appear well-resolved at suﬃciently
low temperature (167 K), at 1.2 and −0.2 ppm. A
deconvolution in terms of two Gaussian components yields
an area ratio of 73:27, which is in very good agreement with the
approximate 3:1 ratio expected from the crystal structure. The
peak at 1.2 ppm identiﬁes the tetrahedrally coordinated sites
Li1 and Li2 (3/4 of the lithium atoms), while the signal at −0.2
ppm can be assigned to the octahedrally coordinated species
Li3 and Li4 (1/4 of the lithium atoms). As the temperature
increases above 200 K, the gradual coalescence of these two
signals into a single averaged one indicate the onset of motion
on the time scale of 10−2 seconds (corresponding to the
reciprocal frequency diﬀerence between the two resonances).
At room temperature, a sharp, time-averaged signal is observed
indicating rapid chemical exchange on this time scale.
Further insight into the diﬀusion process of the lithium ions
can be obtained by variable temperature static 7Li NMR. Figure
6 shows the temperature-dependent evolution of the full width
at half height (fwhh), measured by a solid echo technique. At
suﬃciently low temperatures, where lithium ion movement is
slow on the NMR time scale, the line shapes of static 7Li NMR
spectra are generally dominated by anisotropic homonuclear
7Li−7Li magnetic dipole−dipole interactions. Thermal activa-
tion of lithium ionic motion with increasing temperature will
result in temporal averaging of these anisotropic interactions, as
the motional correlation times (average residence times
between jumps) reach values comparable to the inverse line
widths (i.e., τc × (Δω)−1 ≈ 1). As a result, motional narrowing
of the static 7Li NMR line shape is observed with increasing
temperature. From the onset temperature Tonset of this eﬀect,
an estimate of the activation energy can be extracted, using the
expression of Waugh and Fedin:32 EA [kJ/mol] ≈ 0.156 ×
Tonset. With the Tonset value estimated at 179 ± 10 K from
Figure 6, we obtain an EA value of 27.9 kJ·mol
−1 (0.29 ± 0.02
eV). Above ca. 350 K, the line width stays approximately
constant, near 200 Hz, indicating that all of the lithium ions are
mobile with correlation times shorter than 10−4 seconds.
Inspection of Figure 6 shows two additional peculiarities:
First of all, within the temperature interval 179 K < T < 350 K
the motional narrowing eﬀect is rather gradual, suggesting the
likely existence of a distribution of motional correlation times
for the lithium species (i.e. some degree of dynamic
heterogeneity). Since the motional narrowing eﬀects appear,
with temperature, at ﬁrst for that subset of lithium ions having
the highest mobility, the Waugh−Fedin method tends to
underestimate the value of the activation energy when a
distribution is present.33 This fact explains why in disordered
materials such EA values from static NMR data are often found
to be lower than those determined by dc−ionic conductivity
measurements.34 As indicated in the following, this is also the
case for the present material. Second, the static line widths are
Figure 3. (a) Fragment of the crystal structure of 3, highlighting one anionic unit and two diﬀerent counterion aggregates; (b) coordination
environment and hydrogen bonds around the [SnS4]
4− anion.
Figure 4. (a) TGA/DSC graph of the residue upon dehydration of compound 2 at 150 °C/10−6 Pa; (b) TGA/DSC graph of 1′ upon dehydration of
compound 2 at 320 °C/10−6 Pa.
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not seen to be constant at temperatures lower than 179 K;
rather a small, continuous increase is observed down to 121 K,
the lowest temperature accessible with our equipment. This
feature suggests that there may be the presence of a second,
geometrically more restricted motional process that continues
to inﬂuence the static 7Li NMR line shapes down to at least 121
K and possibly to lower temperatures. This process might be
tentatively ascribed to a motional process involving the fourth
lithium ion per formula unit between the two neighboring
atomic sites within the two disorder positions (Li3 or Li4,
respectively).
Figure 7 shows results from 7Li spin−lattice relaxation time
measurements. While for simple lithium ion conductors, the
temperature and frequency dependence of spin−lattice
relaxation times are reasonably well-interpreted on the basis
of the theory of Bloembergen, Purcell, and Pound (BPP
model),35 the data analysis of relaxation curves for disordered
solids is often more complicated, and modiﬁed BPP treatments
based on intrinsically nonexponential autocorrelation functions
or distributions of motional correlation times have to be
considered.34 This situation is also encountered with the
present data, which show clear deviations from standard BPP
behavior: the relaxation rates do not show the inverse quadratic
dependence on the Larmor frequency predicted by the BPP
model in the slow-motion limit, and the slopes in the log T1
versus 1/T plots diﬀer strongly from each other on the two
sides of the relaxation time minimum.
As a matter of fact, assuming a single motional process and
using various modiﬁed BPP treatments, it was impossible to
obtain a consistent ﬁt for the temperature and frequency-
dependent spin−lattice relaxation time proﬁles in Li4SnS4.
Nevertheless, we can still deduce τc at those temperatures at
which the observed T1 minima occur at the two Larmor
frequencies, because the corresponding products of the angular
nuclear Larmor frequency ωo and the correlation time τc are
near unity (τc × ωo ≈ 1) there. From Figure 7, we estimate τc ≈
2 × 10−9 s and 1 × 10−9 s near 400 K and 440 K, respectively.
Furthermore, it is frequently observed that in the so-called
extreme narrowing limit, where τc × ωo ≪ 1 and the relaxation
rate becomes frequency independent, the activation energy
extracted from the slope of T1 versus 1/T is comparable to that
obtained from electrical conductivity data.34 Using this
assumption, we estimate EA ≈ 0.33 eV from the high-
temperature wing of the T1-curve, in good agreement with
the value found by the Waugh−Fedin method. More detailed
information is available from an analysis of the 7Li stimulated
echo decays shown in Figure 8 over the temperature range
121−224 K. Plotted are the sine−sine two-time correlation
functions I2
ss(tm) versus mixing time tm, before and after
correction for spin-diﬀusion eﬀects (see ref 31 for the
methodology used for this correction). The ﬁts of the spin-
diﬀusion corrected data (Figure 8b) are based on stretched
exponentials I2
ss(tm) = Io exp(−(tm/τc)ß), using a temperature
independent Kohlrausch−Williams−Watts stretching parame-
ter of ß = 0.42, and yielding the correlation time τc as the
principal ﬁtting parameter at each temperature.33 The ß-value
serves as a numerical measure of the dynamic heterogeneity in
Figure 5. Variable temperature 7Li (a) and 6Li MAS NMR spectra (b)
of Li4SnS4.
Figure 6. Temperature dependence of the full width at half height
(FWHH) measured from the static 7Li NMR line shapes and
determination of the onset temperature of motional narrowing.
Figure 7. Temperature-dependent 7Li spin−lattice relaxation times in
Li4SnS4 measured at two diﬀerent Larmor frequencies. From the slope
of the linear segment of the high-temperature branch, the activation
energy characterizing the isotropic diﬀusion process is determined.
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the sample, reﬂecting the width of the correlation time
distribution. Figure 9 shows an Arrhenius plot of the average
motional correlation times extracted from these data, revealing
two distinct linear segments. For the high-temperature
segment, we estimate EA = 0.29 eV and τ0 = 2.5 × 10
−8 s
characterizing the isotropic diﬀusion process dominating the
line width and relaxation data. In addition, Figure 9 clearly
shows a second, low-temperature process, characterized by an
activation energy of 0.05 eV. This low-temperature process
characterizes the correlation loss, owing to a geometrically
more restricted, ultraslow lithium site hopping mechanism with
correlation times in the 1−10 s range down to temperatures
near 100 K. We believe that this process is identical to the one
responsible for the gradual decrease in the static 7Li NMR line
widths between 121 and 179 K (Figure 6). Finally, the
superposition of this second process upon the one dominating
the spin−lattice relaxation times in the high-temperature
regime helps to explain why it is impossible to ﬁt the set of
temperature and frequency-dependent relaxation data shown in
Figure 7 to a modiﬁed BPP model on the basis of just a single
motional mechanism. Given the disordering phenomena
evidenced by the crystallographic results, we postulate that
the slow-motion process identiﬁed might be related to dynamic
disordering phenomena involving the octahedral Li3 and Li4
positions. However, the unusually long τ0 value associated with
this motion (0.022s) distinguishes this process from the usual
ion jump dynamics.
Finally, Figure S3 in the Supporting Information presents the
119Sn MAS NMR signal. Consistent with the crystal structure, a
single resonance is observed. Its chemical shift of 59 ppm (close
to the value of 66 ppm observed in the analogous Na
compound36) conﬁrms the local tetrahedral [SnS4]
4− geometry.
Conductivity Measurements. From the frequency-
dependent complex impedance of the solvent-free compound
1′, Ẑ(ν) = Z′(ν) + iZ″(ν), the real part of the conductivity σ′(ν)
was calculated according to
σ ν ν
ν ν
′ = ′
′ + ″
t
A
Z
Z Z
( )
( )
[ ( )] [ ( )]2 2 (1)
where t and A denote the thickness and the area of the sample,
respectively. The Bode representation of the conductivities
measured at temperatures in the range from −100 to 100 °C
show a plateau regime, where the conductivity σ′(ν) is identical
to the bulk dc conductivity σdc, reﬂecting long-range ion
transport in the sample.37 With the extracted values for σdc, one
can create the Arrhenius plot shown in Figure 10, according to
the Arrhenius law:
Figure 8. Decay of the 7Li two-time correlation function in Li4SnS4
without (a) and with (b) data correction for spin diﬀusion eﬀects. The
amplitude of the stimulated echo is measured as a function of mixing
time. The dotted curves are exponential ﬁts to the data.
Figure 9. Arrhenius plot of the averaged correlation times determined
from the stimulated echo decay measurements as a function of
temperature, following the correction for spin diﬀusion. The linear
segments characterize the two motional processes identiﬁed. Figure 10. Arrhenius plot of the bulk dc conductivity of 1′.
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E
k T
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A
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Here, A and EA denote the pre-exponential factor and the
activation energy of the dc conductivity, respectively, while kB is
Boltzmann’s constant. The data ﬁts very well to the Arrhenius
law over the observed temperature range and the value of log A
= 5.8 is typical for ionic conduction. The activation energy is
0.41 eV.
The ionic conductivity amounts to 7 × 10−5 S·cm−1 at 20 °C
and 3 × 10−3 S·cm−1 at 100 °C, and is thus exceptionally high
for a ternary compound. Not only is the conductivity more than
2 orders of magnitude higher than in the thio-LISICON parent
compound Li4GeS4 (2 × 10
−7 S·cm−1 at 25 °C), it even exceeds
all thio-LISICON phases reported to date, except for the ones
containing phosphorus.9−12 Li3 . 25Ge0 .25P0 .75S4 and
Li3.4Si0.4P0.6S4 have already been tested as ceramic solid
electrolytes in a battery.6,38,39 Although these compounds
exhibit a high electrochemical stability, the cycling in a battery
resulted in the formation of an SEI.36 In this case, the formation
of a stable SEI turned out to be favorable, as it promoted
electrode/electrolyte contact and led to fast charge transfer
across the interface. In contrast, other solid electrolytes, such as
Li3.325P0.935S4 and Li3PO4−Li2S−SiS2, resulted in a large
increase in the interfacial resistance over longer periods in
time.39
Due to its remarkably high room-temperature ionic
conductivity, Li4SnS4 represents a very interesting starting
position for a cheap and highly conducting new thiostannate-
LISICON family.
■ CONCLUSION AND OUTLOOK
We present the novel LiChT phase Li4SnS4 (1) along with its
solvates Li4SnS4·13H2O (2) and Li4SnS4·13MeOH (3). All
phases were structurally characterized by single-crystal X-ray
diﬀraction. The solvent-free phase, which was obtained in pure,
polycrystalline form (1′) by a speciﬁc dehydration process of
the hydrate 2, was further investigated with respect to its local
atomic structure and ionic mobility using NMR and electrical
conductivity measurements. Our studies show that the Li/Sn/S
based phases that represent the formal homologue of the thio-
LISICON parent compound Li4GeS4 are potentially very
interesting new solid-state ion conductors.
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